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In order to study the function of bovine adenovirus type 3 (BAV-3) E1A and E1Bsmall proteins, we constructed two mutants:
(a) BAV102A carries an in-frame deletion in the coding region for the E1A protein (nt 831–1080); (b) BAV102B carries an
insertion of triple stop codons in the E1B region (nt 1654, 178 bp downstream of the E1Bsmall start codon), which stops the
translation of the E1Bsmall gene. BAV102A virus could grow to the wild-type BAV-3 titer in transformed cell line VIDO R2 (HAV-5
E1 transformed) cells, but no progeny virus could be found in fetal bovine retina cells (FBRC). RT–PCR and Western blot
analysis showed that neither mRNA transcripts nor protein expression of early genes [E1Bsmall and DNA binding protein
(DBP)] could be detected in BAV102A infected FBRC. The BAV102B grew 1.5 log less than wild-type BAV-3 in FBRC; however,
no BAV102B progeny virus could be observed in bovine fibroblast (BFB) cells. No appreciable difference was observed in DBP
transcript synthesis between wild-type BAV-3- or BAV102B-infected FBRC. However, compared to wild-type BAV-3, BAV102B
viral DNA synthesis and fiber gene expression were found to be slightly reduced in FBRC. In contrast, compared to wild-type
BAV-3, DBP transcripts and viral DNA synthesis were drastically reduced in BAV102B-infected BFB cells. In addition, no fiber
gene expression could be detected in BAV102B-infected BFB cells. These results suggest that BAV-3 E1A is essential for
virus replication and is required for activating the transcription of other BAV-3 early genes. However, the requirement for
E1Bsmall protein for BAV-3 replication appears to be cell type-dependent. © 2001 Academic Press
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aBovine adenovirus type 3 (BAV-3), a representative of
subtype 1 of BAVs (Bartha, 1969), was first isolated from
the conjunctiva of an apparently healthy cow (Darbyshire
et al., 1965). Due to its lack of virulence (Lehmkuhl et al.,
1975), BAV-3 is being developed as a potential live viral
vector for animal vaccines (Zakhartchouk et al., 1999)
and human gene therapy (Rasmussen et al., 1999; un-
published results). Recently, the complete DNA se-
quence of the BAV-3 genome was determined (Baxi et al.,
1998; Lee et al., 1998; Reddy et al., 1998). In addition,
ranscriptional maps of early (E)1 (Reddy et al., 1999c), E3
Idamakanti et al., 1999), E4 (Baxi et al., 1999), and late
Reddy et al., 1998) regions have been established.
hese studies have led to the development of replica-
ion-competent (Zakhartchouk et al., 1998) and replica-
ion-defective (Reddy et al., 1999b) BAV-3s.
The E1 region of human adenovirus (HAV) located at
he left 11% of the viral genome encodes two distinct
ranscription units, E1A and E1B, which regulate expres-
ion of viral genes in productively infected cells. The E1A
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264ene products of human adenoviruses have been well
efined and shown to (a) be able to activate transcription
f other viral early genes and regulate transcription of
ome cellular genes (Berk, 1986; Grand, 1987; Nevins,
981, 1982), (b) be able to effect transformation of cells in
ulture (Shenk and Flint, 1991; Whyte et al., 1988), and (c)
nduce cell DNA synthesis and mitosis (Howe et al.,
990; Howe and Bayley, 1992; Zerler et al., 1987).
The precise role of the HAV E1B 19K protein in infec-
ion or cellular transformation is well defined (Perez and
hite, 2000). Mutant viruses constructed by various ge-
etic manipulations carrying either point mutations or
eletions within the coding region for the E1B 19K have
een widely used in assigning functions to the 19K pro-
ein (Hu and Hsu, 1997; Pilder et al., 1984; Telling et al.,
993). Some investigations reveal that HAV E1B 19K
rotein possesses several pleiotropic phenotypes which
nclude degradation of host cell and viral DNA (deg),
nhanced cytopathic effect (cyt) (Ezoe et al., 1981; Laifatt
nd Mak, 1982; Pilder et al., 1984; White and Stillman,
1987; White et al., 1984, 1986, 1988), and formation of
large plaques in HeLa, KB, and A549 cells (lp). In addi-
tion, a host range phenotype (hr) (Pilder et al., 1984;
Telling and Williams, 1993; White et al., 1984) in which the
mutant viruses display a growth advantage over the
wild-type virus in human WI38 cells (White et al., 1986)
has also been reported. In contrast, other reports state
that no apparent difference is observed in viral DNA
synthesis between wild-type HAV and 19K mutant vi-
Z
t
i
t
a
C
m
1
b
p
t
s
o
c
p
E
c
r
E
4). Lan
f
265BAV-3 E1Bsmall PROTEINruses in several cultured human cell lines (Telling et al.,
1994). Their results suggest that the HAV E1B 19K protein
does not impose any significant regulatory effects on
viral growth or on the expression of the viral early genes,
including E1A. The 19K mutants showed a host range for
virus yields in human cells.
As in other adenoviruses, the E1 transcription unit of
BAV-3 is located at the left end between 0.8 and 10.5 mu
of the genome and contains the open reading frames for
proteins that show some homology to the E1A and E1B
proteins of HAV-5 (Elgadi et al., 1993; Reddy et al., 1998;
heng et al., 1994). Unlike HAV-5, the E1A and E1B
ranscripts of BAV-3 are 39 coterminal (Reddy et al.,
1999c). In the E1A region of BAV-3, several mRNA are
produced by alternative splicing, which have the poten-
tial to encode 211R, 115R, and 100R proteins (Reddy et
al., 1999c). Anti-211R serum detected three proteins of
43, 57, and 65 kDa in BAV-3-infected cells (Reddy et al.,
1999c). The E1B region of BAV-3 encodes two major
overlapping mRNA species (Reddy et al., 1999c). The
smaller mRNA has the potential to encode the 157R
protein, which is the homologue of the HAV 19K protein
(Zheng et al., 1994). Anti-157R serum detected a 19-kDa
protein in BAV-3-infected cells (Reddy et al., 1999c). The
larger bicistronic mRNA is probably translated by inter-
nal initiation into a 420R protein, which is the homologue
of HAV-5 55K protein. Anti-420R serum detected a protein
of 48 kDa in BAV-3-infected cells (Reddy et al., 1999c).
Recently, we demonstrated that HAV-5 E1A can com-
plement the E1A defect of recombinant BAV-3 (BAV500;
Reddy et al., 1999b). Although E1A is essential for BAV-3
replication, it is not clear at what stage the block in viral
replication occurs. In addition, little is known about the
function of E1Bsmall protein in BAV-3 replication. To define
the functions of E1A and E1Bsmall proteins during virus
nfection of bovine cells, we constructed and analyzed
FIG. 1. Restriction enzyme analysis of recombinant BAV-3 genome
restriction enzyme sites. (B) The DNAs were extracted from VIDO R2 ce
2 and 4) and digested with SpeI (lane 1 and 2) and Xba I (lanes 3 and
ragments.wo BAV-3 mutants carrying a deletion in the E1A region
nd a nucleotide insertion in the E1Bsmall region.RESULTS
onstruction of recombinant BAV-3
Taking advantage of the homologous recombination
achinery of Escherichia coli BJ5183 (Chartier et al.,
996), we constructed three plasmids containing recom-
inant BAV-3 full-length genomic DNA. The plasmid
FBAV102A contained a 249-bp deletion (nt 831–1080) in
he E1A coding region, which is predicted to effect the
ynthesis of intact E1A protein. The nucleotide numbers
f the BAV-3 genome referred to in this report are ac-
ording to GenBank Accession No. AF030154. Plasmid
FBAV102B carried a linker insertion mutation in the
1Bsmall coding region at nucleotide 1654 (178 bp down-
stream of the E1Bsmall start codon). The inserted linker
created an additional XbaI site and contained a stop
codon in multiple reading frames, thus terminating the
translation of E1Bsmall mRNA. The plasmid pFBAV102C
arried a linker insertion mutation in the E1Blarge coding
egion at nucleotide 1946 (96 bp downstream of the
1Blarge start codon). The inserted linker created an ad-
ditional SpeI site and contained a stop codon in multiple
reading frames, thus terminating the translation of
E1Blarge mRNA. Transfection of VIDO R2 cells (Reddy et
al., 1999b) with PacI-digested pFBAV102A or pFBAV102B
produced cytopathic effects in 10 to 14 days. However,
repeated transfections of VIDO R2 cells with PacI-di-
gested pFBAV102C DNA did not produce any cytopathic
effects. The infected cell monolayers were freeze-
thawed, and the recombinant virus was plaque purified
and expanded in VIDO R2 cells. The resulting viruses
were designated BAV102A (pFBAV102A) and BAV102B
(pFBAV102B). The presence of deletion or linker insertion
was confirmed by DNA sequence determination and
analysis of restriction enzyme-digested recombinant vi-
ral DNA using agarose gel electrophoresis. After diges-
hematic diagram of BAV-3 genomes depicting the location of some
ted with BAV102A (lane 1), BAV102B (lane 3), or wild-type BAV-3 (lanes
e M, 1-kb plus DNA ladder (Gibco/BRL) used for sizing the viral DNA. (A) Sc
lls infection of wild-type BAV-3 and BAV102A viral DNA with SpeI,
the BAV-3 DNA had a fragment of 1080 bp (Fig. 1B, lane
Ft
p
E
w
R of R
266 ZHOU ET AL.2), which was missing in the mutant BAV102A (Fig. 1B,
lane 1) genome as the SpeI site at nt 1080 was deleted.
Since an extra XbaI site was generated at nt 1659 in the
BAV102B genome, the viral DNA was subjected to XbaI
digestion. This created one unique fragment of 1659 bp
in BAV102B (Fig. 1B, lane 3), which could be used to
differentiate the mutant virus from the wt virus (Fig. 1B,
lane 4). These restriction enzyme digestion patterns
were consistent with the predicted fragment sizes for wt
and mutant viruses, thus confirming the identity of the
BAV102A and BAV102B mutant viruses.
Characterization of recombinant BAV-3
Detection of gene-specific transcripts in mutant virus-
infected VIDO R2 cells. The ability of BAV102A mutant
virus to produce E1A mRNA was detected by RT–PCR.
VIDO R2 cells were infected with wt or BAV102A virus at
a m.o.i. of 5. At 24 h postinfection, total RNA was isolated
and reverse transcribed using oligo(dT) as primer, and
the E1A gene was PCR amplified with the specific prim-
ers located in the E1A region (Fig. 2A). Wild-type BAV-3-
infected VIDO R2 cells produced processed E1A mRNAs
of 828 bp (processed) and 936 bp (unprocessed) in size
(Figs. 2A and 2B, lane 1). The BAV102A mutant virus-
FIG. 2. RT–PCR analysis of transcripts. (A) Schematic diagram of trans
of RT–PCR using DNase-treated RNA isolated from wild-type BAV-3 (lan
(C) Products of RT–PCR using DNase-treated RNA isolated from wild-t
4, 6) cells using E1Bsmall-specific primers. Lanes 1 and 2 show RT–PC
basepairs.infected VIDO R2 cells produced E1A mRNAs of 579 bp
(processed) and 687 bp (unprocessed) in size (Figs. 2A
i
cand 2B, lane 2). At 24 h postinfection, most E1A mRNAs
produced in BAV102A virus-infected cells were pro-
cessed by alternative splicing. RT–PCR of VIDO R2 cells
mock infected or samples without reverse transcriptase
did not amplify any DNA bands (not shown). These data
confirm that E1A mRNA in BAV102A virus was faithfully
transcribed from deleted viral genomic DNA. No rever-
tant was generated in the BAV102A virus population.
Similarly, the ability of the BAV102B mutant to produce
E1Bsmall mRNA in virus-infected cells was detected by
RT–PCR using primers located in the E1Bsmall region (Fig.
2A). As seen in Fig. 2C, a 474-bp transcript was detected
in both wild-type (lane 5)- and BAV102B (lane 3)-infected
VIDO R2. A transcript of same size was detected in
wild-type (lane 6)- and BAV102B (lane 4)-infected fetal
bovine retina cells (FBRC). No such transcript could be
detected in controls (lanes 1, 2). These data suggest that
the E1Bsmall transcript was produced in BAV102B-infected
BRC and VIDO R2 cells.
Detection of E1A- or E1Bsmall-specific proteins in mu-
ant virus-infected VIDO R2 cells. Expression of E1A
rotein in BAV102A virus-infected VIDO R2 cells or
1Bsmall protein in BAV102B virus-infected VIDO R2 cells
as monitored by Western blot. Cells were infected with
showing the location of E1A- and E1Bsmall-specific primers. (B) Products
r BAV102A (lane 2)-infected VIDO R2 cells using E1A-specific primers.
V-3 (1, 5, 6)- or BAV102B (2–4)-infected VIDO R2 (1, 3, 5) and FBRC (2,
NA without reverse transcriptase. Sizes of marker (M) are shown incripts
e 1)- o
ype BAndividual viruses at a m.o.i. of 5. At 24 h postinfection,
ell lysates were separated by 12.5% sodium dodecyl
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267BAV-3 E1Bsmall PROTEINsulfate (SDS)–polyacrylamide gel electrophoresis
(PAGE), transferred electrophoretically to nitrocellulose
membranes, and probed with protein-specific antiserum.
As seen in Fig. 3A, anti-211 serum (E1A antisera) de-
tected a protein of 57 kDa in wild-type BAV-3 (lane 3)- or
BAV102A (lane 2)-infected VIDO R2 cells (see Discus-
sion). No such protein was detected in mock-infected
cells (lane 1). Rabbit serum raised against E1Bsmall pro-
tein (157R) detected a 19-kDa band in BAV-3-infected
VIDO R2 (Fig. 3B, lane 6). No such band could be de-
tected in mock (Fig. 3B, lane 4)- or BAV102B virus (Fig.
3B, lane 5)-infected VIDO R2 cells.
Replication of BAV102A in VIDO R2 and FBRC cells
HAV-5 E1A deletion mutants replicate to much lower
levels than wild-type in cell culture (4, 18). This is be-
cause of the role E1A plays in transactivation of other
adenovirus early genes, the products of which are re-
quired for efficient virus replication. In order to determine
the importance of E1A protein in viral replication, we
compared the ability of wild-type BAV-3 and BAV102A
virus to grow in both FBRC and VIDO R2 (Reddy et al.,
1999b) cells. Wild-type BAV-3 virus grew to a titer of 6 3
109 IU/ml at 72 h postinfection, in both FBRC and VIDO
2 cells. Since VIDO R2 cells could provide E1A proteins
n trans, BAV102A virus grew to the same titer as wt in
IDO R2 cells (Fig. 4A). In contrast, BAV102A did not
roduce any progeny virus in FBRC at 72 h postinfection
s the final titer was similar to the input titer (2 3 105
IU/ml).
Analysis of early gene expression in BAV102A virus-
infected cells
The E1Bsmall and DBP expression in wt- or BAV102A-
nfected FBRC and VIDO R2 cells was examined by
estern blot using protein-specific antiserum. Anti-
small
FIG. 3. Western blot analysis of BAV-3 E1 proteins. Proteins from
mock (lanes 1 and 4) wild-type BAV-3 (lanes 3 and 6), BAV102A (lane 2),
or BAV102B (lane 5) virus-infected cells were separated by SDS–PAGE
(12.5% gel) under reducing conditions and transferred to nitrocellulose.
The separated proteins were probed in Western blots by anti-E1A (A) or
anti-E1Bsmall (B). Sizes are indicated in kilodaltons.1B serum detected a 19-kDa protein in wt (Fig. 5A,
lane 3)- or BAV102A (lane 2)-infected VIDO R2 cells.Anti-DBP serum detected a 48-kDa protein in wt (Fig. 5B,
lane 3)- or BAV102A-infected VIDO R2 cells (Fig. 5B, lane
2). Both 19-kDa (Fig. 5A, lane 6) and 48-kDa (Fig. 5B, lane
6) proteins could be detected in wild-type BAV-3-infected
FBRC. However, no such proteins were detected in
BAV102A (Figs. 5A, lane 5, and 5B, lane 5)-infected FBRC.
One of the functions attributed to HAV-5 E1A is its
ability to transactivate other viral early promoters, such
as the E1B and E2 genes (Berk et al., 1986; Jones and
Shenk, 1979). Using BAV102A and wt virus, we investi-
gated whether BAV-3 E1A has the ability to transactivate
BAV-3 early gene promoters. RT–PCR was carried out by
using E1Bsmall and E2A (DBP) gene-specific primers. Total
RNA isolated from wt virus or BAV102A-infected FBRC
and VIDO R2 cells was reverse transcribed into cDNA by
using oligo(dT) as primer followed by PCR amplification.
As shown in Fig. 5C, E1Bsmall (lane 1) and DBP (lane 4)
ene-specific transcripts could be detected in BAV102A-
nfected VIDO R2 cells. Similarly, E1Bsmall (lane 3) and
DBP (lane 6) gene-specific transcripts could be detected
in wild-type BAV-3-infected FBRC. However, neither
E1Bsmall (lane 2) nor DBP (lane 5) gene-specific tran-
scripts could be detected in BAV102A-infected FBRC.
Similarly, no such transcripts could be detected in con-
trols (lanes 7 and 8).
Replication of BAV102B in bovine cell lines
In order to investigate the role of E1Bsmall protein in
iral replication, the amount of BAV102B virus produced
FIG. 4. Virus titers of recombinant BAV-3. Near-confluent monolayers
were infected with wild-type or recombinant BAV-3. At different times
postinfection, the cell monolayers were freeze-thawed and the virus
was titrated on VIDO R2 cells, as described in the text. (A) BAV102A, (B)
BAV102B.
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268 ZHOU ET AL.at different time points in FBRC, VIDO R2, and bovine
fibroblast (BFB) cells was compared to that of wt virus
(Fig. 4B). Wild-type BAV-3 virus produced from FBRC,
VIDO R2, or BFB cell lines reached titers of approxi-
mately 5 3 109 IU/ml at 4 days postinfection. Similar
iters were observed in BAV102B virus-infected VIDO R2
ells. However, BAV102B grew 1.5 log less than wt virus
t 4 days postinfection of FBRC. Interestingly, compared
o wt virus, no progeny virus could be detected in
AV102B virus-infected BFB cells. This suggests that
nockout of E1Bsmall protein did not have a major effect on
the ability of BAV-3 to propagate in FBRC but it had a
dramatic effect on the ability of BAV-3 to replicate in BFB
cells.
Analysis of viral DNA replication
To further study the role of E1Bsmall gene in the viral
eplication cycle in different cell types, we first compared
he amount of viral DNA accumulated in BAV102B or wt
irus-infected FBRC or BFB cells. Viral DNA was isolated
rom 1 to 4 days postinfection, digested with BamHI,
ractionated on 0.9% agarose gels, and analyzed by
FIG. 5. Analysis of early gene expression in BAV102A-infected cells.
Proteins from lysates of mock (lanes 1 and 4), wild-type BAV-3 (lanes 3
and 6), or BAV102A (lanes 2 and 5) virus-infected VIDO R2 (lanes 1–3)
or FBRC (lanes 4–6) cells were separated by SDS–PAGE (10% gel)
under reducing conditions and transferred to nitrocellulose. The sep-
arated proteins were probed in Western blots by anti-E1Bsmall (A) and
anti-DBP (B) serum. Positions of E1Bsmall (E) and DBP (D) are indicated.
Positions of size markers are shown to the left of each panel. (C)
Products of RT–PCR using DNase-treated RNA isolated from wild-type
BAV-3 (lanes 3 and 6) and BAV102A (lanes 1, 2, 4, and 5) virus-infected
FBRC (lanes 2, 3, 5, and 6) or VIDO R2 (lanes 1 and 4) cells using
E1Bsmall (lanes 1–3)- and DBP (lanes 4–6)-specific primers. Lane 7
(E1Bsmall primers) and lane 8 (DBP primers) show RT–PCR without
everse transcriptase. Lane M, 1-kb plus DNA ladder (Gibco/BRL) used
or sizing the DNA fragments.outhern blot using BAV-3 genomic DNA as a probe. The
elative amount of viral DNA was determined by Com-uting Densitometer using AlphaImager. Relative DNA
evels were compared to the highest level (defined as
00%) found in each group. The wild-type DNA increased
t 2 days (Fig. 6A, lane 6) postinfection and reached a
eak at 3 days (Fig. 6A, lane 7) postinfection. Similarly,
he BAV102B viral DNA synthesis in FBRC increased
ignificantly at 2 days (Fig. 6A, lane 2) and reached peak
evel at 3 days (Fig. 6A, lane 3) postinfection. The accu-
ulated DNA of BAV102B reached 68% of that of wt virus
t 3 days postinfection (Fig. 6C). In contrast, the kinetics
f BAV102B viral DNA replication was different from that
f wild-type BAV-3 virus in BFB cells (Fig. 6B). Wild-type
AV-3 viral DNA increased sharply at 2 days (Fig. 6B,
ane 6) postinfection and kept increasing up to 4 days
Fig. 6B, lane 8), while a small amount of BAV102B viral
NA reached a peak level at 2 days postinfection (Fig.
B, lane 2) and decreased on the following days (Fig. 6B,
anes 3 and 4). The accumulated DNA of BAV102B
eached 35% of that of wt virus at 2 days postinfection
Fig. 6D). These data are consistent with the growth
haracteristics of BAV102B virus in FBRC and BFB cells,
hich showed that BAV102B virus grew in FBRC, while
o BAV102B virus production was observed in BFB cells.
nalysis of early and late gene expression by
estern blot and quantitative RT–PCR
As shown above, while significant amounts of
AV102B virus DNA could be synthesized in FBRC, final
irus titers were low. In addition, although a small
mount of BAV102B viral DNA was found at 2 days
ostinfection in BFB cells (which declined at day 3), no
rogeny virus could be detected in BFB cells. To deter-
ine if E1Bsmall protein altered early or late gene expres-
sion, VIDO R2, FBRC, and BFB cells were infected with
wild-type or BAV102B virus at a m.o.i. of 5. At 12 (for early
gene DBP) and 24 (for late gene fibers) h postinfection
cell extracts were analyzed by Western blots for the
expression of the DBP (Fig. 7A) or fiber protein (Fig. 7B).
As shown, the 48-kDa DBP protein could be detected in
wild-type BAV-3 virus-infected FBRC (Fig. 7A, lane 6) and
VIDO R2 (Fig. 7A, lane 3) cells. Similar amounts of DBP
protein were detected in BAV102B virus-infected FBRC
(Fig. 7A, lane 5) and VIDO R2 (Fig. 7A, lane 2) cells.
However, compared to wild-type BAV-3 (Fig. 7A, lane 9),
the level of expression of DBP was greatly reduced in
BAV102B-infected BFB (Fig. 7A, lane 8) cells. A 100-kDa
fiber protein could be detected in wild-type BAV-3-in-
fected FBRC (Fig. 7B, lane 6) and VIDO R2 (Fig. 7B, lane
3) cells. A similar 100-kDa fiber protein was also de-
tected in BAV102B virus-infected FBRC (Fig. 7B, lane 5)
and VIDO R2 (Fig. 7B, lane 2) cells. However, compared
to wild-type BAV-3 (Fig. 7B, lane 9), no fiber protein could
be detected in BAV102B-infected BFB (Fig. 7B, lane 8)
cells.
To exclude the possibility that altered DBP and fiber
F
c
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269BAV-3 E1Bsmall PROTEINgene expression in BAV102B-infected cells was due to
aberrant E1A gene expression, we performed RT–PCR to
examine E1A mRNA in wild-type BAV-3- and BAV102B-
infected VIDO R2, FBRC, and BFB cells using the E1A-
specific primers YZ58 and YZ59. As seen in Fig. 7C, both
spliced and unspliced E1A transcripts are amplified by
using primers YZ58 and YZ59. The E1A mRNA transcripts
were found in wild-type BAV-3-infected VIDO R2 (lane 2),
FBRC (lane 4), and BFB (lane 6) cells. Similar E1A tran-
scripts were detected in BAV102B-infected VIDO R2 (lane
1), FBRC (lane 3), and BFB (lane 5) cells. No such prod-
ucts could be detected in RT–PCR without reverse tran-
scriptase using RNA isolated from wild-type BAV-3-in-
fected VIDO R2 (lane 7), FBRC (lane 8), and BFB (lane 9)
cells.
To quantitate the mRNA transcripts of the DBP and
fiber genes in BAV102B-infected FBRC and BFB cells,
quantitative RT–PCR was carried out. The rationale is
that in the quantitative PCR reaction mixture, a compet-
itor molecule of known concentration competes with the
virus-derived target cDNA sequence for primers, poly-
merase, and substrates. If after PCR amplification, the
amount of the amplified virus cDNA product and the
amount of competitor DNA product are equal, then it is
FIG. 6. Kinetics of DNA replication of wild-type BAV-3 and BAV102B
1–4) and viral DNA was harvested at 24 (lanes 1 and 5), 48 (lanes 2 an
digested with BamHI and analyzed by Southern blot using BAV-3 DNA
rom FBRC (C) or BFB (D) cells was determined by computing densitoassumed that the initial starting concentrations of the
two targets were also equal. From the amount of cDNA mdetected, one can estimate the amount of gene-specific
mRNA produced in the infected cells. The FBRC or BFB
cells were infected with wild-type BAV-3 or BAV102B
virus at a m.o.i. of 5. Cells were harvested at 12 (for the
DBP gene) or 24 (for the fiber gene) h postinfection.
Quantitative RT–PCR was performed as described under
Materials and Methods. As seen, while BAV102B (Fig. 8A,
lane 8) virus produced the same amount of DBP cDNA
(equal to 1 pg) as the wild-type BAV-3 (Fig. 8A, lane 11)
virus in FBRC cells, the amount of fiber cDNA in
BAV102B-infected FBRC (Fig. 8B, lanes 7 and 8) cells was
1
2 of that of wild-type BAV-3 virus (500 fg versus 1 pg) in
BRC (Fig. 8B, lane 10). In contrast, the amount of DBP
DNA in BAV102B (Fig. 8A, lane 2)-infected BFB was 15
that of BAV-3 virus (Fig. 8A, lanes 5 and 6) in BFB cells
(100 versus 500 pg). Interestingly, compared to BAV-3
(Fig. 8B, lane 4)-infected BFB cells, no detectable fiber
cDNA (level of detection 10 fg) was produced in BAV102B
(Fig. 8B, lane 3)-infected BFB cells.
DISCUSSION
We have constructed mutant bovine adenovirus-3 vi-
ruses by partially deleting E1A (BAV102A) and inserting a
small
ells were infected with wild-type BAV-3 (lanes 5–8) or BAV102B (lanes
(lanes 3 and 7), and 96 (lanes 4 and 8) h postinfection. Viral DNA was
P-labeled probe. (A) FBRC and (B) BFB cells. The amount of viral DNA
nd plotted as relative absorbance versus days after infection.virus. C
d 6), 72TPS linker in the E1B (BAV102B) gene. Using these
utant viruses, we investigated the role of early genes
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Recombinant BAV102B produced no E1Bsmall protein
270 ZHOU ET AL.E1A and E1Bsmall in replication of BAV-3 in bovine endo-
helial cells (FBRC) and fibroblast (BFB) cells. Our results
uggest that (i) E1A is essential for BAV-3 replication and
s required for transactivation of early genes, (ii) the
equirement of E1Bsmall for BAV-3 replication appears to
e cell dependent, and (c) E1Blarge may be essential for
BAV-3 replication.
BAV102B produced a E1Bsmall-specific transcript of nor-
al size but no detectable protein in VIDO R2 cells. This
as expected as the BAV102B E1Bsmall coding region
ontains a TPS linker insertion. However, although
AV102A produced an E1A-specific transcript of ex-
ected size (containing a 249-bp in-frame deletion) in
IDO R2 cells, the protein migrated more slowly than
xpected, for a deletion of 83 amino acids. The predicted
ize of the mutant protein should be about 8 kDa smaller
han that of wt E1A protein. This may be due to the amino
cid sequence in this region. Similar anomalous migra-
ion of mutant E1A protein has been reported in mouse
denovirus-1 (Ying et al., 1998) and HAV-5 (Egan et al.,
988).
Recombinant BAV102A virus lacking the intact E1A
rotein failed to produce infectious progeny virus in
FIG. 7. Analysis of gene expression in BAV102B-infected cells. Pro-
teins from lysates of mock (lanes 1, 4, and 7), wild-type BAV-3 (lanes 3,
6, and 9), or BAV102B (lanes 2, 5, and 8) virus-infected VIDO R2 (lanes
1–3), FBRC (lanes 4–6) or BFB (lanes 7–9) cells were separated by
SDS–PAGE (10% gel) under reducing conditions and transferred to
nitrocellulose. The separated proteins were probed in Western blots by
anti-DBP (A) and anti-fiber (B) serum. Positions of DBP (D) and fiber (F)
are indicated. Protein size markers are shown to the left of each panel.
(C) Products of RT–PCR of DNase-treated RNA isolated from wild-type
(lanes 2, 4, 6–9)- or BAV102B (lanes 1, 3, and 5)-infected VIDO R2 (lanes
1, 2, and 7), FBRC (lanes 3, 4, and 8), and BFB (lanes 5, 6, and 9) cells
using E1A-specific primers (YZ58, YZ59). Lanes 7–9 show RT–PCR
without reverse transcriptase.BRC. In addition, no expression of early region genes
as detected in BAV102A virus-infected FBRC. Theseesults confirm our earlier observation (Reddy et al.,
999b) and further suggest that E1A protein is required
or transactivation of other BAV-3 early genes. This is
onsistent with the data obtained from human adenovi-
us (Berk, 1986), porcine adenovirus-3 (Reddy et al.,
999a), or canine adenovirus (Klonjkowski et al., 1997), in
hich E1A was shown to be essential for efficient pro-
uctive virus infection. In contrast, the E1A region of
ouse adenovirus-1 is dispensable for efficient viral
eplication in cultured fibroblasts (Ying et al., 1998). In
ddition, human tumor cell lines or an undifferentiated
tem cell line supported HAV early viral gene expression
n the absence of E1A (Imperiale et al., 1984). It has been
uggested that these cell lines may have an E1A-like
ctivity that enables the virus to replicate in the absence
f a virally encoded E1A protein.
The E1A of human adenoviruses (Moran and
athews, 1987) contains three conserved regions (CR),
amely, CR1, CR2, and CR3. The portion of BAV-3 E1A
orresponding to CR3 shows a high degree of homology
o Ad5 E1A CR3 (Zheng et al., 1994). The N-terminal
egion of CR3, which has four acidic amino acids, has
een shown to be important for the transactivation func-
ion of HAV E1A (Flint and Shenk, 1989; Lillie et al., 1986).
The mutant E1A protein produced by BAV102A virus
contains deletion of the N-terminal first four amino acids
of CR3 region. Among these four amino acids, two are
acidic. It is possible that BAV-3 CR3 N-terminal acidic
acids may play a critical role in transactivation of other
viral genes. Alternatively, it is also possible that the
transactivating domain of E1A lies elsewhere within the
deleted region (amino acids 78–161). Further experi-
ments are needed to support or refute these specula-FIG. 8. Quantitative RT–PCR analysis. Products of the RT–PCR of
DNase-treated RNA isolated from wild-type BAV-3 (lanes 4–6, 10–12)- or
BAV102B (lanes 1–3, 7–9)-infected FBRC (lanes 7–12) and BFB (lanes
1–6) cells in the presence of competitor DNA using DBP (A)- or fiber
(B)-specific primers. Sizes of the markers (M) are shown in basepairs.
Competitor DNA concentration: (A) lanes 1–12 contain 1 pg, 100 fg, 10
fg, 10 pg, 1 pg, 100 fg, 10 pg, 1 pg, 100 fg, 10 pg, 1 pg, and 100 fg,
respectively; (B) lanes 1–12 contain 1 pg, 100 fg, 10 fg, 1 pg, 100 fg, 10
fg, 1 pg, 100 fg, 10 fg, 1 pg, 100 fg, and 10 fg, respectively.
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271BAV-3 E1Bsmall PROTEINyet grew to titers of 1 log less than wt virus in FBRC
(endothelial cells). Since the early gene transcription in
BAV102B occurs as efficiently as that in wt virus, E1Bsmall
is not essential for transactivation of these genes in
FBRC. However, in the absence of E1Bsmall, viral DNA
eplicated with 68% efficiency of that of wt viral DNA. In
ddition, late gene (fiber) expression was twofold lower
han that of wt virus. These results indicate that E1Bsmall
is required for efficient DNA replication in FBRC.
Interestingly, recombinant BAV102B did not produce
any progeny virus in BFB (fibroblast cell) cells. Analysis
of early gene expression in BAV102B-infected BFB cells
suggested that while E1A was expressed at levels com-
parable to E1A expressed in wt virus-infected cells, there
was a dramatic decrease in the level of DBP expressed
in BAV102B-infected BFB cells. Moreover, BAV102B failed
to synthesize appreciable amounts of viral DNA or de-
tectable fiber protein. Taken together these results sug-
gest that E1Bsmall is essential for replication of BAV-3 in
FB cells. It is possible that the defect in viral replication
f BAV102B in BFB could be due to a cytopathic effect of
he E1Bsmall mutant that results in premature cell death
(apoptosis). However, BFB cells infected with BAV102B
grew as efficiently as uninfected cells, as determined by
trypan blue staining (performed 4 days postinfection). In
addition, similar expression of E1A was observed in wt
BAV-3- or BAV102B-infected BFB cells (data not shown). If
BAV102B-infected BFB cells died prematurely, we would
not have detected similar E1A expression in BAV102B- or
wt BAV-3-infected BFB cells.
Although E1B may not be required for complementa-
tion of E1A1E1B-deleted HAV-5 (Imler et al., 1996), E1B-
deleted HAV7a could not be isolated using 293 (E1 com-
plementing) cells (Abrahamsen et al., 1997). Our inability
to isolate a BAV-3 vector with insertional inactivation of
the E1Blarge gene using VIDO R2 (E1 complementing)
ells (Reddy et al., 1999b) suggests that E1Blarge may be
essential for replication of BAV-3. Since the E1Blarge gene
product of HAV-5 interacts with both host and viral pro-
teins, the absence of BAV-3-specific E1Blarge interactions
with BAV-3 proteins in VIDO R2 cells (FBRC transformed
with HAV-5 E1) may be responsible for our not being able
to isolate E1Blarge-defective BAV-3.
In summary, our results suggest that while BAV-3 E1A
s essential for viral replication and early gene transac-
ivation, the requirement of BAV-3 E1Bsmall protein for viral
eplication is cell type-specific. It is possible that permis-
ive cells (FBRC) contain a cellular factor(s) that could
ubstitute for E1Bsmall protein function. Alternatively, an
nhibitory factor which E1bsmall protein counteracts may
be absent in permissive cells. Bcl-2 has been reported to
substitute for E1Bsmall function (Rao et al., 1992; Subra-aniam et al., 1995). Whether the cellular factor is bcl-2
r another molecule remains to be investigated.
c
aMATERIALS AND METHODS
ell lines and viruses
The FBRC, BFB, and VIDO R2 cells (HAV-5 E1-trans-
ormed FBRC; Reddy et al., 1999b) were grown and main-
ained in Eagle’s minimum essential medium (MEM) sup-
lemented with 10% heat-inactivated fetal bovine serum
FBS). The wild-type (WBR-1 strain) and mutant BAV-3
iruses were cultivated and titers were determined on
IDO R2 cells (Reddy et al., 1999b).
onstruction of recombinant plasmids
Construction of recombinant plasmids pFBAV 102A
nd pFBAV102B. A 3.090-kb BamHI–ClaI fragment (con-
aining the E1 region of BAV-3) of pTG5437 (Rasmussen et
l., 1999) was ligated to BamHI–ClaI-digested pGEM-7Z,
reating plasmid pGEM.E1. This plasmid was digested with
stI and SpeI and blunt end repaired by T4 DNA polymer-
se, and the large fragment was isolated and religated,
reating plasmid pGEM.E1d. A 2.840-kb BamHI–ClaI frag-
ent of plasmid pGEM.E1d was ligated to BamHI–ClaI-
igested plasmid pXhoIA (containing 0–35.1 MU of BAV-3
NA), creating plasmid pXhoIA.E1Ad.
Plasmid pGEM.E1 was digested with HindIII, blunt end
epaired with T4 DNA polymerase, and ligated to an XbaI
inker [triple phase stop codon (TPS)], creating plasmid
Gem.E1BsXbaI. A 3.1-kb BamHI–ClaI fragment of plas-
id pGEM.E1BsXbaI was ligated to plasmid pXhoIA,
reating plasmid pXhoIA.E1bsXbaI.
Plasmid pGem.E1 was digested partially with SmaI
nd ligated to a SpeI linker (containing TPS), creating
lasmid pGem.E1BLSpeI. A 3.1-kb BamHI–ClaI fragment
f pGem.E1BLSpeI was ligated to plasmid pXhoIA, cre-
ting plasmid pXhoIA.E1BLSpeI.
The recombinant BAV-3 genomes containing an E1A de-
etion (pFBAV102A), E1Bsmall insertion (pFBAV102B), or
E1Blarge (pFBAV102C) insertion were generated by homolo-
gous DNA recombination in E. coli BJ5183 between PmeI-
linearized pTG5437 and a 11.7-kb BamHI–XhoI fragment of
pXhoIA.E1d, between PmeI-linearized pTG5437 and an
11.9-kb BamHI–XhoI fragment of pXhoIA.E1bsXbaI, or be-
tween PmeI-linearized pTG5437 and an 11.9-kb BamHI–
XhoI fragment of pXhoIA.E1BLSpeI, respectively.
Construction of recombinant BAV-3
VIDO R2 cell monolayers in six-well plates were trans-
fected with 5 mg of PacI-digested pFBAV102A,
FBAV102B, or pFBAV102C DNA by using the Lipofectin
Gibco/BRL) method. Transfected cells were maintained
n MEM supplemented with 3% FBS. After 10–14 days
osttransfection, cells showing complete cytopathic ef-
ects were collected, freeze-thawed three times, and
laque purified on VIDO R2 cells. The mutations were
onfirmed by DNA sequence and restriction enzyme
nalysis of recombinant viral DNAs.
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272 ZHOU ET AL.Virus growth curve
VIDO R2, FBRC, or BFB cells were infected with wild-
type or mutant BAV-3 viruses at a m.o.i. of 5. Infected
cells were harvested at the indicated time points postin-
fection. Cells were lysed in the infection medium by
freezing-thawing three times. The titers of infectious viral
progeny were determined as infectious units (IU) by
qualitative DNA binding protein immunoperoxidase
staining (Zhou et al., 2001). Briefly, after adsorption of
virus for 2 h, the cells were washed and overlaid with
agarose (GIBCO BRL). On day 3 postinfection, agarose
overlays were carefully removed and the cells were per-
meabilized by methanol–acetone (1:1 vol) incubation at
220°C for 10 min. IU were determined by incubation of
cells with antiserum against BAV-3 DNA binding protein
(Zhou et al., 2001) followed by VECTASTAIN Elite ABC kit
(Vector Laboratories). Titers were expressed as IU in
which 1 IU was defined as one positively stained focus at
3 days postinfection.
Antibodies
Rabbit antisera produced against BAV-3 E1A (anti-211),
E1B 157R (anti-E1Bsmall), and DBP (anti-DBP) have been
escribed (Reddy et al., 1999c; Zhou et al., 2001). Anti-
sera against BAV-3 fiber protein (Wu et al., manuscript in
preparation) were produced in rabbits using GST–protein
fusions as antigens. Antibodies against fiber protein rec-
ognize a 100-kDa protein in BAV-3-infected cells.
RT–PCR and quantitative RT–PCR analysis
For RT–PCR analysis, total RNA was extracted from
5 3 106 infected cells using the RNeasy kit (Qiagen). The
NA preparations were treated with 2 U of RNase-free
Nase (Ambion) at 37°C for 1 h. About 1/20 of RNA was
everse transcribed with Superscript II (GIBCO-BRL) re-
erse transcriptase at 42°C for 50 min using oligo(dT)12–18
as primer. The 1/20 of the RT–PCR product was used as
a template and the specific gene was amplified with a
pair of specific primers using rTth DNA polymerase (Per-
kin–Elmer). For the detection of E1A mRNA in BAV102B
virus-infected cells, the forward YZ58/-59GGA TGA GTG
TCT GAA TGC-39 and reverse YZ59/-59-CAC ACT CCA
GTG CGA TT-39 primers were used in a PCR reaction. For
the detection of E1A mRNA in BAV102A virus-infected
cells, the forward YZ46/-59 ATG AAG TAC CTG GTC
CTC-39 and reverse YZ59 primers (described above)
were used in a PCR reaction. Amplified E1 mRNA was
distinguished from DNA by an excision of a 108-bp intron
(Rasmussen et al., 1999). For the detection of E1Bsmall
mRNA, forward YZ48/59-ATG GAT CAC TTA AGC GTT-39
and reverse YZ49/59-CTA CTG GCT GGT AGT CT-39 prim-
ers were used in a PCR, which amplified the whole
smallE1B mRNA, producing a 474-bp fragment. For the
etection of DBP mRNA, the forward YZ50/59-TTA AAA
S
(AA AGA GTC ATC TG-39 and reverse YZ51/59-ATG AAT
GC AGC GGT GA-39 primers were used in a PCR
eaction, which amplified DBP mRNA, producing a
299-bp fragment.
To quantitate the virus-specific transcripts of the DBP
nd fiber genes, two pairs of amplification primers were
sed. The primer sequences for the DBP gene were
Z50a/59-TAT CTT GCA TAC CTG ACG GC-39 and YZ51a/
9-ACT TAA CGC GAG CCA CGA GT-39. The competitive
emplate DNA pDBP309 was constructed by deletion of a
09-bp internal AgeI–HindIII (nt 21895–22204) fragment
n the gene of DBP. The primers used for fiber gene
mplification were YZ54/59-ATG AAG AGA AGT GTG
CC-39 and YZ55/59-CAA CTC TAA GTC CTC GAC-39.
he competitor DNA pFIBER204 was constructed by de-
etion of an internal NheI fragment of 204 bp (nt 28084–
8288) in the fiber gene. Quantitation of the target gene
ranscripts was achieved by coamplification of 1 ml (1/20)
f RT product with serial dilution of the competitive tem-
late (pDBP309 for the DBP gene and pFIBER204 for the
iber gene). The target DBP gene amplification product
as predicted to be 946 bp in size and the competitive
emplate would produce a 637-bp fragment. The target
iber gene amplification product was predicted to be
102 bp in size and the competitive template would
roduce a 898-bp fragment.
estern blot analysis
For Western blot, about 1 3 106 cells were infected
ith wild-type or mutant BAV-3 viruses at a m.o.i. of 5. At
4 h postinfection, the cells were lysed in 100 ml of RIPA
(0.15 M NaCl, 50 mM Tris–HCl, pH 8.0, 1% NP-40, 1%
deoxycholate, 0.1% SDS). Proteins from lysates of in-
fected cells were resolved on a 10 or 12.5% SDS–PAGE
under reducing conditions and electrotransferred to ni-
trocellulose membrane (Bio-Rad). Nonspecific binding
sites were blocked with 1% bovine serum albumin frac-
tion V, and the membrane was probed with the protein-
specific rabbit polyclonal serum. The membrane was
washed and exposed to goat anti-rabbit IgG conjugated
to either alkaline phosphatase or horseradish peroxi-
dase and developed using an alkaline phosphatase
color development kit (Bio-Rad) or enhanced chemilumi-
nescence (ECL) system (Amersham Pharmacia Biotech).
Southern blot
Viral DNA was extracted from wild-type and mutant
BAV-3 virus-infected FBRC or BFB cells by the Hirt
method, with minor modification (Zakhartchouk et al.,
1998). DNA samples were digested with BamHI and
separated by 0.9% agarose gel electrophoresis. Using
32P-labled whole wild-type BAV-3 genomic DNA as probe,outhern blot was performed as described previously
Maniatis et al., 1989).
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